Some mutants reduce fitness when incorporated to breeding populations, particularly the allele sugary1 (su1) in maize (Zea mays L.). The objective of this work was to compare in different maize genetic backgrounds the performance of plants carrying su1. The crosses among three su1 populations and three Su1 synthetics were random mated three times. The plants Su1 and su1 were evaluated separately. The su1 plants had poorer performance than the Su1 plants, particularly at earlier stages of development, and early vigor seemed to be the most limiting factor for su1 plant development. The differences in performance between su1 and Su1 plants decreased along plant growth and were not significant for most adult traits. Specific crosses between field corn from sweet corn populations had different effects on performance of su1 plants. These results suggest that the use of defective mutants in plant breeding should take into account the genotypic effects on mutant fitness.
Introduction
Sweet corn is an important crop worldwide, but the viability of a commercially important mutant matters for many other crops, besides maize, were mutants are also used for releasing new varieties. Indeed, when plant breeders find a valuable new mutant allele, such as su1, they introduce the mutant allele into wild type varieties with irregular success because some mutant alleles reduce plant viability. Sweet corn breeders frequently use field corn to improve sweet corn agronomic performance (Butrón et al., 2008 , Tracy, 2000 , and have to deal with the reduced viability of su1 plants within some field corn genetic backgrounds (Tracy 1990 (Tracy , 2000 . Actually, su1 is lethal or semi-lethal for some specific sweet × field corn crosses (Revilla et al., 2000a , 2006 , Tracy 2000 and the frequency of su1 plants is reduced during selection programs (Martins and Da Silva, 1998) .
Sweet corn was primarily defined for being homozygous for the allele sugary1 (su1). The mutant su1 has arisen through spontaneous mutation and crosses to field corn in a variety of field corn backgrounds (Tracy et al., 2006) . Indeed, su1 is stable in those backgrounds, but it is instable under stress (Revilla et al., 2005) and could not be maintained when crossed to other field corn genotypes (Tracy, 2000) .
Little is known about the causes of the different survival rates of su1 when different field corn genotypes are used as recipients, except that the deleterious effects of su1 are mainly related to the amount of carbohydrates available in the kernel (Tracy and Chang, 2007) ; therefore, different field corn recipients carrying su1 could accumulate variable amounts of carbohydrates, which should be critical for su1 plant growth during the growing cycle.
The viability of su1 plants has been investigated mainly at germination; for example Revilla et al. (2000a Revilla et al. ( , 2006 studied the effects of germination on su1 frequencies in crosses among field corn and sweet corn genotypes. Revilla et al. (2000a) concluded that the main cause of reduction in su1 frequency was the poor germination of su1 kernels compared to Su1 and that su1 plants were more viable when Corn Belt Dent germplasm was crossed to the sweet corn population Stowell's Evergreen than when Spanish germplasm was crossed to the sweet corn populations. Revilla et al (2000b) reported significant specific heterosis effects for yield and other traits in crosses among these sweet and field corn populations. Specific heterosis for yield and plant height was positive for crosses sweet × field corn, and negative for crosses sweet × sweet and field × field corn. These authors concluded that there is some genetic affinity between Golden Bantam and field corn from northern Spain and between Stowell's Evergreen and field corn from southern Spain.
Although differences between sweet and field corn are perceptible at the adult plant stage, particularly for ear traits, no report has been published on the performance of su1 vs Su1 at the adult plant stage, different genotypes being used as field corn recipients and sweet corn donors. The objective of this work was to compare in different genetic backgrounds the performance of su1 plants in order to choose the most appropriate field corn varieties for improving the agronomic performance of sweet corn.
Materials and methods
The three sweet corn (su1) populations used were Golden Bantam (NY) (PI 255976) (GB) from the North Central Regional Plant Introduction Station of Iowa, and Country Gentleman (CG) and Stowell's Evergreen (SE) from Cornell University. These populations represent the largest variability among modern sweet corn inbreds, and Golden Bantam is the source of most commercial inbreds (Tracy, 2000) . The three field corn synthetics used were EPS10 from the US Corn Belt, EPS13 from northern Spain, and EPS14 from southern Spain (Ordás 1991 , Vales et al. 2001 . EPS10 is a synthetic made by crossing four Corn Belt Dent populations with medium flowering time and dent yellow kernels; EPS13 is a breeding population obtained from a synthetic of four northern Spanish varieties with early flowering time and flint yellow kernels; and EPS14 is another breeding population derived from a synthetic of four southeastern Spanish varieties with medium flowering time and semi-flint yellow kernels. All six varieties are adapted to temperate areas.
The three su1 populations were crossed to the three field corn populations in 1995 in Pontevedra, Spain. Population crosses were made in both directions in 5 pairs of 15-plant rows using each plant once as male or as female. We obtained about 50 ears from each cross, which means that approximately 50 individuals from each population were sampled. The nine sweet × field corn crosses were recombined three times in 1996 (R1), 1997 (R2), and 1998 (R3). For each recombination, plants from ten 15-plant rows were randomly crossed, using each plant once, as female or male. We obtained about 50 ears from each recombination, thus around 100 plants were involved. Twenty seven populations were obtained from the nine field × sweet corn crosses recombined once, twice and three times. The 50 ears from each population were dried and shelled in bulk, yielding above 10000 kernels per recombination, which were stored in a cold chamber at 4 °C and 50% relative humidity. From each of the 27 populations, 1000 kernels were randomly sampled and su1 and Su1 kernels were separated for further evaluation in the field. Therefore, 54 genotypes were produced, consisting of 27 su1 genotypes (the sugary1 grains coming from each of the three recombinations made in each cross between sweet and field corn populations) and 27 Su1 genotypes (the Sugary1 grains coming from each of the three recombinations made in each cross between sweet and field corn populations).
The field arrangement for each field trial was a split-plot design with two replications; the alleles (su1 and Su1) were assigned to the main plots and to subplots the 27 genotypes, including the six original populations. For most traits, xenia or border effects are not important at all. For yield, the separation of su1 and Su1 in blocks minimized the xenia effect, and the fact of having heterozygous plants in the Su1 block should not have biased yield comparisons because the pollen was freely moving across neighbour plants and the frequency of su1 kernels was below 0.14 averaged over crosses, according to our previous calculations (Revilla et al. 2000) . 
Results
Genes (Su1 vs. su1) differed significantly only for early vigor (Table   1 ). Differences among field or sweet corn genotypes were significant for more traits than differences among recombinations, and only for adult plant appearance differences within each source of variation were significant.
Interactions were seldom significant.
There were no significant differences for any source of variation for seven traits, including emergence. Differences among field x sweet corn crosses were significant for one quarter of the traits, and were largely more important than any other effect, including recombinations and genes (Table   1 ).
Early vigor was lowest for the sweet corn populations Country Gentleman (3.11) and Stowell's Evergreen (3.22) followed by Golden Bantam (4.44), while the synthetic from northern Spain EPS13 (6.22) and from the Corn Belt Dent EPS10 (5.89) had the highest vigor, followed by the southern Spanish synthetic EPS14 (5.22). As recombinations progressed, early vigor decreased from 5.54 for the first recombination (averaged over genes and crosses), to 5.17 for the second and 4.84 for the third recombination. The reduction of early vigor after each recombination was similar, around 6.6 % from the first to the second, and from the second to the third recombination. Concerning the effects of genes, the Su1 plants were more vigorous than the su1 plants for any population or cross (Table   2) . Averaged over crosses, the most vigorous field corn population was EPS13 (5.48), while differences among EPS14 (5.11) and EPS10 (4.96)
were not significant ( Yield was lowest for the sweet corn populations Golden Bantam (1618 kg/ha) and Country Gentleman (1754) and highest for the field corn population EPS10 (3398). However, differences were not significant for yield within any source of variation. Nevertheless, the yield components ear diameter, kernel length and row number revealed significant differences. produced more kernel rows (14.6) than EPS13 (13.3) and EPS14 (12.9). The field × sweet corn combination producing more kernel rows was EPS10 × Country Gentleman and, and the combination of Country Gentleman with any field corn population produced more rows than the combination of any other sweet corn genotype.
Discussion
The performance of su1 plants differed from that of Su1 plants mainly at the first stages of development. Once germination has been accounted for (Revilla et al., 2000a (Revilla et al., , 2006 ) the next limiting factor is early vigor. Genotypic effects are of paramount importance (Martins et al., 1998; Revilla et al. 2000a Revilla et al. , b, 2006 . The presumable effect on viability of loci linked to su1 is negligible since the effect of recombinations is minor.
Although short growing cycles increase agronomic performance of maize in a region with short growing seasons, the small differences detected for earliness here should have a small contribution to the differences between Su1 and su1 plants. Adult plant performance decreased after each recombination, probably due to the reduction on heterosis caused by successive recombinations. Moisture is usually higher in su1 than in Su1 grains because of the osmotic pressure produced by the mono and oligosaccharides stored in the su1 endosperm (Revilla et al. 2000b ). Among the su1 grains, those coming from EPS13 (318 g/kg) had a lower moisture than those coming from EPS10 (334) or EPS14 (340). Low moisture at harvest is a clear advantage for seed production in an area with short growing seasons; therefore, the performance of sweet corn would be favored when su1 plants are obtained from crosses with field corn from northern Spain compared to southern Spain or the Corn Belt Dent synthetic.
The importance of the differences among sweet corn populations and among field corn populations and few sweet x field corn interactions were significant, therefore differences among field and sweet corn genetic backgrounds were quite stable. Revilla et al (2000a) concluded that differences in emergence explained most of the differences on sugary1 viability among genetic backgrounds. The subsequent trait, chronologically, is early vigor, for which a large number of sources of variation were significant. These results are expected if the key factor affecting performance is the amount of kernel reserves, which are genotypically determined (Tracy and Chang, 2007) . However, previous reports have shown significant field × sweet corn population interactions (Revilla et al., 2006) . Such discrepancy can be explained by the genotypes involved in each experiment, because in the present work we use populations while in the previous work we crossed inbred lines which implies inbreeding depression per se and high heterosis in crosses to other lines.
As the growing cycle continues, successive traits are less important for the performance of su1 plants. The lack of significant differences for stand, ears per plant and yield were particularly important because suggests that su1 had not significant effects on fitness at large. Contrarily, in a previous publication, Revilla et al. (2000b) found significant differences among genotypes for some of fitness-related traits, namely grain yield, grain moisture, plant height, ear length and kernel row number, and the genotype × environment interaction was also significant for all those traits. In the previous study, the field corn population that produced su1 plants with best yield components was the Corn Belt Dent synthetic, and the preferred sweet corn population was Country Gentleman.
In order to release sweet corn genotypes with high performance, the base material should be the sweet and the field corn populations producing su1 plants with better performance, particularly at earlier stages of the growing cycle (Butrón et al., 2008) . The present results show that early vigor was the key trait for sweet corn performance. Revilla et al (2000a) found that the decrease of su1 frequency was larger in the second recombination than in the third, and that reduction strongly depended on the field and sweet corn genetic background. Our present data suggest that lower early vigor of su1, compared to Su1, could partially explain the reduction in su1 frequency after each recombination. Martins and Da Silva (1998) found that the frequency of su1 genotypes decreased during the growing cycle due to a reduction in viability during the vegetative phase. However, these authors focused their research on the reduction on su1 frequency during the reproductive phase. The reduced early vigor of su1 plants compared to Su1 could be one of the causes in such reduction due to competence with weeds and susceptibility to biotic and abiotic stress. Differences among field and sweet corn genotypes on su1 and Su1 vigor suggest that it is possible to improve vigor of su1 plants by selecting appropriate genotypes, as shown by Butrón et al. (2008) .
The improvement of su1 viability would gain from the use of field corn from the north of Spain or sweet corn related to Golden Bantam, because these genotypes would provide high vigor and short growing cycles.
Field corn from the south of Spain and sweet corn related to Stowell's Evergreen increased adult plant performance, while field corn from Corn components.
As a general conclusion, these results suggest that the use of defective mutants in plant breeding should take into account the donor x receptor interaction on the viability of the mutant and on the performance of the plants carrying the mutant. 1 Means are compared according to the Fisher's protected LSD (P=0.05). Means followed by the same letter, within each category, are not 10 significantly different. Comparisons are made within each category: means of the field corn genotypes, means of the sweet corn genotypess, 11 means of su1 and Su1 for the sweet corn genotypess, means of su1 and Su1 for the field corn genotypes, and su1 and Su1 for the crosses. 12
